In an optical interconnect circuit, microring resonators (MRRs) are commonly used in wavelength division multiplexing systems. To make the MRR and laser synchronized, the resonance wavelength of the MRR needs to be thermally controlled, and the power consumption becomes significant with a high-channel count. Here, we demonstrate an athermally synchronized rare-earth-doped laser and MRR. The laser comprises a Si 3 N 4 based cavity covered with erbium-doped Al 2 O 3 to provide gain. The low thermo-optic coefficient of Al 2 O 3 and Si 3 N 4 and the comparable thermal shift of the effective index in the laser and microring cross-sections enable lasing and resonance wavelength synchronization over a wide range of temperatures. The power difference between matched and unmatched channels remains greater than 15 dB from 20 to 50 C due to a synchronized wavelength shift of 0.02 nm/ C. The athermal synchronization approach reported here is not limited to microring filters but can be applied to any Si 3 N 4 filter with integrated lasers using rare earth ion doped Al 2 O 3 as a gain medium to achieve system-level temperature control free operation.
In an optical interconnect circuit, microring resonators (MRRs) are commonly used in wavelength division multiplexing systems. To make the MRR and laser synchronized, the resonance wavelength of the MRR needs to be thermally controlled, and the power consumption becomes significant with a high-channel count. Here, we demonstrate an athermally synchronized rare-earth-doped laser and MRR. The laser comprises a Si 3 N 4 based cavity covered with erbium-doped Al 2 O 3 to provide gain. The low thermo-optic coefficient of Al 2 O 3 and Si 3 N 4 and the comparable thermal shift of the effective index in the laser and microring cross-sections enable lasing and resonance wavelength synchronization over a wide range of temperatures. The power difference between matched and unmatched channels remains greater than 15 dB from 20 to 50 C due to a synchronized wavelength shift of 0.02 nm/ C. The athermal synchronization approach reported here is not limited to microring filters but can be applied to any Si 3 N 4 filter with integrated lasers using rare earth ion doped Al 2 O 3 as a gain medium to achieve system-level temperature control free operation. With an increasing demand for data communication bandwidth, integrated silicon photonic technologies have been extensively studied to overcome the limits of electrical interconnects. 1, 2 In an optical interconnect circuit, microring resonators (MRRs) are commonly used as multiplexers/ demultiplexers in wavelength division multiplexing (WDM) systems. 3, 4 However, to make the MRR and on-chip laser work together, the resonances of the MRRs should be matched to the laser wavelengths for all operating temperatures. 5, 6 Although the resonance wavelength of a MRR can be controlled by using thermal tuning, 4,7 the power consumption to align the wavelengths of many MRRs is significant in a high-channel count WDM system. 4, 8 Even when an athermal reference cavity is used, the laser has to be electronically locked to it to prevent any thermally induced mismatch from downstream filters. 9 To overcome these problems, the MRR filter resonant wavelength can be matched to the laser wavelength and have the same thermal wavelength shift as the laser source. 10, 11 As a result, system-level temperature control-free operation can be achieved without the need for additional tuning power.
Prior to this work, on-chip lasers have been demonstrated using rare-earth elements doped in Al 2 O 3 as gain media, [12] [13] [14] [15] [16] [17] which has proven to be effective for several reasons. First, rare-earth-doped Al 2 O 3 glass can be deposited as a single-step back-end-of-line process on silicon wafers without requiring any additional etch steps.
18 Second, common rareearth-materials such as Erbium have a wide emission spectrum enabling a wide wavelength tunability and design flexibility. [19] [20] [21] [22] [23] Third, rare-earth-doped gain media do not involve free carriers, unlike semiconductor lasers, and this reduction in losses enables a narrow laser linewidth. 20, 22, 24 Furthermore, the low thermo-optic coefficient of the host medium enables operation over a wide temperature range. 25 Finally, compared to III-V material based systems, 26 Si 3 N 4 laser cavities utilizing rare-earth-doped Al 2 O 3 can have a similar overall thermal response to other Si 3 N 4 devices on the chip such as MRR filters. 27 This makes it possible to achieve a control-free operation WDM system consisting of a laser source and a wavelength filter over a wide temperature range.
Here 28-31 and the comparable thermal shift of the effective index in the laser and microring cross-sections enable lasing and resonance wavelength synchronization over a wide range of temperatures. We achieve >15 dB power extinction ratio (between a matched laser-MRR channel and an unmatched channel) from 20 to 50 C. The wavelength shifts of the laser and the MRRs are synchronized to 0.02 nm/ C, proving that the a)
Author to whom correspondence should be addressed: nanxili@mit.edu b) system is athermal. The athermal synchronization approach reported here is not limited to microring filters but can be applied to any Si 3 N 4 filter with integrated lasers using rare earth ion doped Al 2 O 3 as a gain medium to achieve systemlevel temperature control free operation. The waveguide cross-section of the DFB laser is shown in Fig. 1(a) . The width and gap of the Si 3 N 4 pieces are selected to be 600 nm and 400 nm, respectively, to provide high mode confinement for both the 1480 nm pump and 1550 nm laser modes within the Al 2 O 3 :Er 3þ film. The confinement factors in the Al 2 O 3 :Er 3þ film are calculated to be 84.05% and 84.86% for the fundamental transverse electric (TE) modes at the pump and laser wavelengths, respectively, using a finite-difference 2D mode solver. The height of each respectively. The refractive indices used in the mode solver are provided in Fig. 1(c) . To ensure mode confinement within the Si 3 N 4 MRRs, their diameters were selected to be around 90 lm, which corresponds to a free spectral range (FSR) of 5 nm. The entire device is illustrated in Fig. 1(d) . Four MRRs after the DFB represent three types of filter channels: one matched, one adjacent, and two low-interfering channels. The diameters of the MRRs are chosen to be 90.02 lm, 90.10 lm, 90.18 lm, and 90.26 lm in order to evenly distribute the resonances within one FSR. The drop ports of the MRRs are used to couple out the laser signal.
The device was fabricated using a 300 mm CMOS foundry. The fabrication process is illustrated in Fig. 2(a) . First, a 6-lm thick SiO 2 bottom cladding layer is deposited on a 300 mm silicon wafer via plasma-enhanced chemical vapor deposition (PECVD). Afterwards, a 200-nm thick PECVD Si 3 N 4 layer is deposited, followed by a top surface polishing process to reduce the optical scattering loss (Step I). The Si 3 N 4 layer is subsequently annealed at 1050 C for 72 min to reduce absorption due to Si-H and N-H bonds around 1.52 lm. Then, the Si 3 N 4 layer is patterned using 193 nm immersion lithography and reactive ion etching (Step II). The side wall roughness is minimized by a short 900 C wet oxidation, followed by an HF dip. Next, a 100-nm thick SiO 2 layer is deposited and the top surface is flattened via chemical-mechanical planarization (CMP), as shown in Step III. Following that step, a second 200-nm-thick Si 3 N 4 layer is deposited and patterned using the same method as the first layer (Step IV). The fabrication variation in the Si 3 N 4 pattern will lead to MRR resonance shifts of up to 1 nm, but this has a minimal effect on the DFB lasing wavelength due to the . Given the same pump power, a lower doping concentration will suffer from lower gain while a higher concentration will result in ion clustering or quenching. 33, 34 In order to visualize the Si 3 N 4 patterning, the top SiO 2 cladding layer was etched. Scanning electron microscopy (SEM) images of the Si 3 N 4 patterns (top view) for the DFB laser and a MRR filter are displayed in Figs. 2(b) and 2(c), respectively.
To characterize the system, both external and internal laser measurements were performed on the device. Figure 3(a) shows the setup of the measurement using an external laser, which includes a tunable laser source (Keysight 81600B) to sweep the wavelength of the input signal, a polarization controller to ensure that the input is coupled into the fundamental TE mode of the DFB and MRRs, an optical power meter to record the signals from the drop ports of the MRRs, shown in Figs. 3(b) and 3(c), and a thermoelectric cooler (TEC) to monitor and stabilize the operating temperature of the system with a feedback loop. A cleaved single-mode SMF-28 fiber is used on each side of the chip to butt-couple the tunable laser signal onto the chip and butt-couple the output signal from the chip, respectively. . The existence of the TM mode may be due to the fact that the waveguide after the DFB laser has an asymmetry in the horizontal direction. Under the condition that the transition is not perfectly adiabatic, the TE mode couples into the TM mode. The polarization controller is tuned to couple into the fundamental TE mode of the DFB gain waveguide. For channel 1, only one TE mode peak is observed at 1539.9 nm. At 1544.4 nm, there is no TE mode peak in the system, indicating that the response of the MRR cancels with the DFB cavity response. From the simulation, the MRR corresponding to channel 1 has a resonance at 1544.4 nm, and hence, the DFB lasing signal can have high transmission into this channel. For comparison, the passive response of the DFB cavity together with the MRR drop channels 2, 3, and 4 is shown in Fig. 3(b) . For these channels, two orders of TE resonance are observed instead of one. For channels 2 and 3, at the DFB cavity resonance wavelength of 1544.4 nm, the drop ports of the MRRs have low transmission because the channels are not matched. Therefore, these two channels are expected to have less power in the drop port when the on-chip laser with a lasing wavelength of 1544.4 nm is on. While for channel 4, at 1544.4 nm, the transmission is not as low as channels 2 and 3 since it has a tail of the TM mode at this wavelength. Therefore, channel 4 will have a relatively higher output power for the input laser at 1544.4 nm. From Fig. 3(b) and using channel 2, 3, or 4, the FSR of the MRR is measured to be 5 nm. The temperature of the system was then controlled using the TEC, and the passive responses of channel 1 at different temperatures were measured, as shown in Fig. 3(c) . A wavelength shift of 0.2 nm is observed for a 10 C temperature change within a temperature range from 20 to 50 C. While beyond 50 C, the wavelength shift becomes larger than 0.2 nm per 10 C. The internal on-chip laser measurement setup is shown in Fig. 4 . A 1480 nm pump source together with a polarization controller is used to couple the pump signal into the fundamental TE mode of the laser gain waveguide. An external WDM is used to couple out the lasing signal from the pump side of the DFB for analysis. A cleaved SMF-28 fiber is used on each side of the chip to butt-couple the pump onto the chip and output signal from the chip, respectively. Optical spectrum analyzers (OSA) I and II are used to monitor the signal from the DFB laser and MRRs, respectively. A thermoelectric cooler (TEC) is used to modify and monitor the operation temperature of the system. In addition, it also stabilizes the device temperature by reducing the thermal shift due to the pump power. C temperature change, which matches to the wavelength shift at the output of the MRR shown in Fig. 3(c) . Comparing Figs. 5(a) and 5(b), the overall coupling loss from the DFB laser to MRR is 2.5 dB. From Fig. 5(b) , the power at the drop port of the matched MRR reduces as the temperature increases, which is caused by the larger wavelength mismatch between the DFB and MRR at higher temperatures of our temperature control range. The wavelength comparison of the DFB and channel 1 MRR is shown in Fig. 5(c) . As the temperature increases, the channel 1 MRR has a slightly larger wavelength shift compared to the DFB laser. The relative transmission powers from the four channels are recorded in Fig. 5(d) . More than 15 dB power extinction between channel 1 and the rest of the channels is observed within the temperature range from 20 to 50 C showing athermal operation, which is sufficient for signal processing in a WDM system. 35 As the temperature is set beyond 50 C, the power in channel 1 drops by more than 5 dB, due to the wavelength mismatch between the MRR and the DFB, shown in Fig. 5(c) . Furthermore, Fig. 5(d) shows that channel 1 has relatively high power and hence it is the matched channel; channels 2 and 3 have relatively low power, and therefore, they are low-interfering channels; channel 4 has medium power so it is the adjacent channel. This matches with the results from the external laser characterization in Fig. 3(b) . With the aim of obtaining a more uniform output power over the temperature range from 20 to 50 C, the DFB laser can be designed to be exactly matched with the resonance of the MRR at 40 C instead of at 30 C. Starting at 20 C, the DFB laser is slightly off the resonance of the MRR. As the temperature increases (to 40 C, for example), the DFB and MRR resonances will be exactly matched. As the temperature further increases (e.g., 50 C), the DFB resonance will be slightly off with respect to MRR resonance again. This method is equivalent to shifting the red DFB laser resonance up in Fig. 5(c) , so that red and blue points match exactly at 40 C. In this way, the transmission power will be more uniform over this operation temperature range.
In the future, in order to ensure that the resonance of the MRR matches with the laser source on a wafer scale, the design of the MRR filter can be improved. For example, highorder filters or contra-directional couplers can be used to get a flat-top response with wider bandwidth 36, 37 and hence relaxing the requirement of perfect alignment. Additionally, an adiabatic ring design 38 can be used to make ring more fabrication-tolerant. The work presented in this manuscript acts as a prototype for system-level control-free synchronization while further design effort will offer a wafer-scale production solution. Furthermore, these improved MRRs can be cascaded with multiple grating-based lasers 39 for a temperature control-free wavelength multiplexer.
In conclusion, we have demonstrated athermally synchronized operation of an integrated DFB laser cascaded with Si 3 N 4 WDM MRRs on a silicon photonic platform. By making use of the low thermo-optic coefficient of the Al 2 O 3 :Er 3þ laser gain medium and Si 3 N 4 , athermal operation is demonstrated over a temperature range from 20 to 50 C. A power extinction ratio of >15 dB between matched and unmatched WDM channels is achieved, and a synchronized wavelength shift of 0.02 nm/ C is reported. The athermal synchronization approach reported here is not limited to microring filters but can be applied to any Si 3 N 4 filter cascaded with a laser using rare-earth-doped Al 2 O 3 as a gain medium to achieve system-level temperature control free operation. 
